In this study, we used a 1/5-scale model tunnel to investigate the temperature characteristics of backlayering thermal fumes in addition to the heat release rate and the longitudinal ventilation velocity in a tunnel fire. The ventilation flow through the model tunnel provided a sufficient turbulent flow as the Reynolds number based on ventilation velocity and tunnel height was 40,000 or more. The governing scaling parameter in this experiment was the dimensionless parameter Q*/Fr. In addition to Froude's and Reynolds' similarity laws, the similarity of the thermal characteristics in the tunnel wall was considered in making the model tunnel. We clarify the conditions under which the backlayering thermal fumes maintain a stratified layer. Empirical equations of the thermal fume height in the longitudinal ventilation are derived from the experimental data. The evacuation safety based on the height of thermal fumes is examined in detail.
Introduction
In a normal enclosed tunnel, the length is larger than the cross section. In the event of a tunnel fire, thermal fumes generated by the fire quickly fill the tunnel due to its limited width. Moreover, securing the evacuation environment and performing fire fighting and rescue operations are hampered by reduced visibility from smoke. As a result, serious fire damage and injuries frequently occur (1) (2) . In order to effectively reduce the risk of damage and injuries in a tunnel fire, it is necessary to clarify the fire properties, such as the behavior of thermal fumes generated by a fire. Japan's expressway tunnels, which are generally unidirectional, adopt a longitudinal ventilation system that blows parallel to the direction of passing vehicles. In the event of a fire, emergency longitudinal ventilation measures in a one-way tunnel are as follows. Thermal fumes are swept away in the downstream direction from the fire source by the ventilation wind. Upstream, where the traffic jam is, backlayering of thermal fumes is prevented by the ventilation wind, allowing safe evacuation from the vehicles. The velocity of ventilation wind required to prevent the spread of backlayering thermal fumes is called the critical velocity, and it is extensively studied using analytical theories (3) (4) , fire experiments (5)- (11) , and numerical simulation (12) . On the other hand, the backlayering distance and temperature distribution of thermal fumes are also important characteristics of a tunnel fire. Studies have been conducted based on model experiments (11)(13) (14) and numerical simulation (15) (16) , but sufficient engineering knowledge has not yet been obtained.
Consequently, we developed a large-scale model tunnel and carried out numerous fire experiments.
The purpose of the present study was to grasp the flow characteristics of backlayering thermal fumes in a tunnel fire when longitudinal ventilation wind is blowing through the tunnel. The large-scale model tunnel used for the fire experiments was compared to the models used in previous studies in consideration of Reynolds' scaling law (5)(8)(10) (11) . The temperature distribution, velocity of longitudinal ventilation, and heat release rate of the fire source were measured under the conditions of four different sized fires. Particularly, temperature distribution was simultaneously measured at a number of points at the ceiling and longitudinal section of the model tunnel. The results of detailed temperature distribution more than those obtained in previous studies were obtained in this research. Based on those results, the temperature distribution of the thermal fumes generated by the tunnel fire was examined. We report on new engineering knowledge concerning the evacuation environment under thermal fumes and the temperature distribution of the backlayering thermal fumes. 
Nomenclature

Experimental facility and instruments
Model tunnel
The model tunnel in this study was scaled to 1/5 the size of a full-scale tunnel. Various parameters were decided based on the respective scaling laws (17) . Table 1 shows the parameters of both the model tunnel and a full-scale tunnel, and the parameters of model tunnels of other researchers. The longitudinal ventilation velocity U m and heat release rate Q of a full-scale tunnel were calculated by using the Froude scaling law based on the parameters of our model tunnel. In this study, the governing scaling parameter in a tunnel fire with longitudinal ventilation is the dimensionless parameter Q*/Fr. The Froude number Fr is defined as the ratio of the buoyancy of a plume generated by a fire source and the inertia force of the longitudinal ventilation wind. The dimensionless heat release rate Q* is defined as the ratio of the heat release rate and the enthalpy flow rate. The enthalpy flow rate when air at the , and the heat release rate Q is proportional to γ 2.5 by using Froude scaling.
It was important to achieve a completely turbulent flow in the model tunnel as well as a full-scale tunnel for the model experiment. The model tunnel in this study is at least three times as large as the model tunnels of other researchers, as shown in Table 1 . Therefore, the Reynolds number Re of the ventilation flow in the model tunnel is 40,000 or more, and a completely turbulent flow is achieved in the tunnel. On the other hand, the Reynolds number Re in the other studies ranges from a few thousand to 30,000; part of the flow through a tunnel in such a small Reynolds number may not be a turbulent flow.
The heat transfer phenomenon from the thermal fumes to the wall of the tunnel is an important governing phenomenon in a tunnel fire. The amount of heat transfer is governed by the conduction heat transfer characteristics of the materials inside the wall and the convection heat transfer characteristics on the surface of the wall. Table 1 indicates the Biot number Bi and the Fourier number Fo concerning thermal characteristics of the wall of each tunnel. Contrary to the other studies, these values for the model tunnel in the present study are close to the values of a full-scale tunnel made of concrete. Autoclaved lightweight aerated concrete (ALC) panel was used as a suitable wall material for the model tunnel in the present study. In the other studies, the value of the Fourier number in the model tunnel is especially large compared with that of a full-scale tunnel. In these cases, the wall of the model tunnel has a large thermal conductivity in contrast to the wall of a full-scale tunnel made of concrete. Therefore, it is considered that there is too much absorption of heat flux from the thermal fumes. 2.5×10 
Measurement items 3.2.1 Heat release rate
There are two main methods for measuring the heat release rate Q. One is a direct method that calculates the heat release rate from the burning rate of fuel measured by an electric balance (17) . The other is an indirect method that calculates the heat release rate from the amount of radiant heat flux of fire measured by a radiometer (18) . The direct method was mainly used to measure the heat release rate in the present study. An electric balance C (Mettler Toledo SB16000) was installed outside the tunnel, as shown in Fig. 2(a) . A combustion vessel A was placed on the support stand of the electric balance. The burning rate of fuel in the vessel was measured by using the electric balance at 1-s intervals. The heat release rate was calculated by multiplying the burning rate by the lower heating value of the fuel. Radiometer B (Tokyo Seiko Co., Ltd. Type RE-4) was installed upstream from the fire; the installation coordinates were x = 1.5 m, y = 0 m, and z = 0.2 m, respectively. Radiant heat flux from the fire was acquired at 0.2-s intervals. The radiant heat from a fire is generally proportional to the burning rate of the fire in a tunnel with longitudinal wind (18) . It is assumed that the time curves of the radiant heat from the fire and the heat release rate of the fire are similar. The proportionality coefficient between the time integration value of the radiant heat measured with the radiometer and the total calorific value of fuel was calculated. The time curve of the heat release rate was computed by multiplying the measurement value of the radiant heat by this coefficient. 
Longitudinal wind velocity
Temperature
The temperature inside the model tunnel was measured by thermocouples placed at a total of 297 points on the ceiling and central longitudinal section of the model tunnel. The K-type thermocouple of 0.1 mm in diameter with a small time constant was used for temperature measurement. Thermocouples at 8 locations in the direction of the tunnel height were installed at 2-m intervals in the central longitudinal section, as shown in Fig. 2(b) . Thermocouples at 128 locations were installed in the central longitudinal section. The thermocouples at 9 locations in the direction of the tunnel width were installed at 2-m intervals under the ceiling, as shown in Fig. 2(c) . These thermocouples were installed 20 mm directly below the ceiling. In addition, thermocouples under the ceiling were installed in the central line (y = 0 m) at 1-m intervals. Thermocouples at 169 locations were installed under the ceiling. The temperature was acquired by a data logger (Keyence NR250) at 1.0-s intervals.
Experimental conditions
The Each of the time curves of the heat release rate measured by using the electric balance (direct method) and the radiometer (indirect method) is shown in the lower parts of these figures. The average value for 15 s of the heat release rate is also shown. The results with the electric balance and the radiometer are indicated by inverse triangles and diamonds, respectively. The heat release rate increases rapidly with ignition (t = 0 s), and then gradually approaches a steady condition. The time curves of the heat release rate measured by the direct and the indirect methods are in agreement. Since the time constant of the radiometer used in this experiment is a large value, the method using the radiometer has a time lag compared with the method with the electric balance, but the differences are insignificant. The heat release rate maintains a constant value for a short time in both time curves. In this study, the time range in which the fluctuation of the average value for 15 s of the heat release rate is less than 5% and the time range including the maximum heat release rate were defined as a quasi-steady condition. We focused on the quasi-steady condition as follows. Within the range of the experimental conditions of this study, the quasi-steady condition was maintained for one moment in all of the experimental cases. In addition, the range of the quasi-steady condition of the heat release rate measured with the electric balance and the radiometer was in agreement for 30 s or more in all of the experimental cases. In this study, the quasi-steady heat release rate Q max was defined as the average value for 30 s of the quasi-steady condition including the maximum heat release rate. The time curves of the longitudinal ventilation velocity and the temperature rise in the central section under the ceiling are shown in Figs. 3 and 4 . The time curve of the average value measured by the anemometers at four positions is shown as the velocity of the longitudinal ventilation U m . The average velocity of the longitudinal ventilation U ms in the same time range as the quasi-steady heat release rate Q max was defined as the characteristic velocity. The difference between instantaneous velocity and the average velocity was defined as the fluctuation of wind velocity. The range of the fluctuation was 5% or less of the average velocity. The average value of the temperature rise in the same time range as the quasi-steady heat release rate was defined as the temperature rise in the quasi-steady condition. The difference between instantaneous temperature rise and the average value of temperature rise was defined as the fluctuation of temperature rise as in the case of the wind velocity. The range of the fluctuation of the temperature rise was 5% or less of the average temperature. Figure 5 shows the relationship of the quasi-steady heat release rate Q max measured by the electric balance and the average velocity of the longitudinal ventilation U ms . The quasi-steady heat release rate Q max tends to decrease slightly with the increase of the average longitudinal velocity U ms . However, this slight change is disregarded in this study. The average quasi-steady heat release rate Q m is calculated for each burning area of the combustion vessel using the data of Q max in Fig. 5 . Table 2 shows the average quasi-steady heat release rate Q m for each burning area (A f = 0.079, 0.15, 0.18, 0.22 m 2 ). The heat release rate of this experiment is larger than that of the other experiments, as shown in Table 1 . Q m of this experiment ranges from 66.2 to 377.4 kW, as shown in Table 2 . As shown in Table 1 , the value of Q m in the study by Lee et al. (8) was in the range of 2.5 to 12 kW. In the study by Roh et al. (10) the range was 4.4 to 17 kW, for Oka et al. (5) it was 0.35 to 3 kW, and for
Quasi-steady condition
Yamada at el. (11) 2 to 8 kW. The value of Q m corresponding to the size of a full-scale tunnel (scale ratio γ = 5) is also shown in Table 2 . 
Temperature distribution of thermal fumes
The velocity of longitudinal ventilation during a fire in a one-way tunnel is 2 m/s in the Japanese standards, which corresponds to Froude number Fr = 0.29 in a full-scale tunnel having a height of 5 m. 
Thermal fume height
It is important to have a clear understanding of the height of the boundary between the thermal fumes maintaining a stratified layer and the fresh air flowing under the thermal fumes, in order to secure safe evacuation in a tunnel fire. An in-depth discussion of this topic is presented in this section. The height of the thermal fume layer was defined based on the temperature distribution in the direction of the height. The height of the thermal fume layer is the position at which the rise in temperature is 10 K (T * = 0.034) higher than the ambient temperature. For example, in the case of the thermal fumes distributed in a tunnel as shown in Fig. 9 , a group of three points (A, B, and C) upstream and a group of three points (a, b, and c) downstream from the fire source were used for temperature distribution.
The average height at the three points of each group (A, B, and C or a, b, and c) was defined as the thermal fume height. The thermal fume height at the thermal fume tip of position D was excluded from the arithmetic average. Figure 10 shows the relationship between the dimensionless average thermal fume height H * dT and the ratio of the dimensionless heat release rate Q * to the Froude number Fr. The dimensionless thermal fume height is H * dT = 0.5 determined by Expression (1) in the case of Q * /Fr = 0.9. There were no thermal fumes in the lower half of the tunnel in this situation. Furthermore, Expression (1) gave 15 MW as the heat release rate of the fire in the case of a full-scale tunnel (5-m height, 10-m width, 2-m/s emergency ventilation velocity). Expression (1) indicated that the evacuation environment under thermal fumes was sufficiently secured when the heat release rate of a full-scale fire was not greater than 15 MW. In the case of the thermal fume height downstream from the fire source in Fig. 10(b) , the thermal fume height decreased exponentially with the increase of the
